Abstract This study examines the efficiency, interactions and impact of a milk-run operator on a typical assembly line. The idea behind the milk-run lies in organizing the material supply to production areas using a specialized logistic worker travelling in cycles between the warehouse and production. A discrete-event simulation model was developed to evaluate the interactions of the milk-run operator and a typical 10 workstation assembly line. We present an analysis of the various kinds of disturbances occurring in the production environment (time variability of technological operations and supply cycle, delays of supply cycles) and management decisions (takt time presence or absence, buffer capacity, supply cycle duration) on the production stability and performance (assembly line throughput rate, milk-run operator utilization, workstation starvation and work in process). Recommendations for designers of in-plant logistics are provided.
Introduction
The arrangement of the material supply system within a plant has a significant impact on the performance of the manufacturing system [20] . Design of the manufacturing system should be performed together with design of the in-plant logistic system [26] and external logistics [25] . Decisions about in-plant logistics have an impact on facility layout, buffer sizes, and work in process (WIP) [14] . In the competitive environment of manufacturing, elimination of the activities that do not add value to the products becomes more and more important. Material handling waste is one of Ohno's seven listed wastes [19] . Eliminating waste is the main principles of lean manufacturing [22] . A properly designed material handling system can lead to cost reduction from 10 to 30 % [9] . The aim of the material handling systems is to maximize material availability while minimizing handling and storing costs, together with an increase in material handling vehicle usage rate, improved safety and working conditions and easing the manufacturing process [27] .
The name "milk-run" originates from a milk selling system [3] where a milkman used to travel from door to door according to a specified repetitive itinerary replacing empty milk bottles with full ones. The milkman returns to the dairy after finishing his itinerary with a bunch of empty bottles. The next itinerary starts the following morning at the dairy where the empty bottles collected the previous day have been filled with fresh milk.
Translating this to a manufacturing environment, a milkrun operator (sometimes also called a milk runner) operates over a certain area providing all materials to several workstations according to a predefined itinerary. Figure 1 shows a simplified milk-run system. When designing milk-run logistics it is important to define the appropriate area covered by one milk runner and the optimal itinerary within the appointed area. These decisions affect the supply cycle time i.e. how long the itinerary takes, how much material should be carried and further, how much material should be in the input buffers at the workstations. The milk-run is applied to transport raw materials, waste, semi-finished and finished goods between manufacturing and assembly workstations and the warehouses [4] .
Thanks to the milk-run, logistics performance is improved by effective usage of the transport vehicles, reduction of inventories and their maintenance costs, increases in delivery on-time, reductions of stock out at assembly lines, increased capital turnover and it establishes a good discipline in logistic operations (basis for standardization) [23] .
The classic text on milk-run by Harris et al. [13] divides its implementation into five steps: (1) development of a plan for every part, (2) building of the purchased-parts market, (3) design delivery routes, (4) implement pull signals and (5) continuous improvement of the system (kaizen). The first step is gathering the necessary information about every part (materials and semi-finished parts) in the system to define the amount and frequency of deliveries. The second step is to build a supermarket by designing maximum inventory levels and rules for operating the market.
Step concerns choosing the vehicle type, capacity, time period and itinerary. In the fourth step, the number of containers is determined. To sustain a milk-run in a good shape, standardization should follow the design step, supplemented by a small step by step improvement.
The sections of this paper are organized as follows. The following section summarizes relevant literature on in-plant material supply systems, with focus on milk-run. The third section describes a case study using a discrete-event simulation model of a typical assembly line with 10 workstations. The fourth section introduces various independent and dependent variables together with experimental design. The fifth section presents the results from the proposed experimental framework. Our conclusions and recommendations for designers of the in-plant logistics are presented in the final section.
Literature review
A short literature review of in-plant milk-run can be found in Kilic et al. [17] . Problems have been classified into three categories: (1) general assignment problems, (2) dedicated assignment problems and (3) determined time period assignment problems. In "general assignment problems", routes and time periods are not known. In "dedicated assignment problems", routes are known and time periods have yet to be determined. In "determined time period assignment problems", time periods are known but the problem is in determining the routes. The authors had concentrated on routes and time periods, and had not considered other types of decisions. As a result, it was concluded that it is more advantageous to use milk-run trains in the multiple routed vehicles method than a one routed vehicle method. Alnahhal and Noche [1] investigated the routing, scheduling and loading problems together in the milk-run tow train to decrease the number of trains, the variability in loading and route lengths and the inventory holding costs. In that study, they did not introduce any stochastic parameters and solve the problem using dynamic programming and mixed integer programming. They also assumed that kanban would not be used. Jafari-Eskandari et al.
[15] investigated a dedicated assignment problem for an automotive supply chain with the objective function of minimizing the total cost of transportation and inventory costs using mixed integer programming.
A framework to design and manage the milk-run was proposed by Faccio et al. [11] . Here, the impacts of the long-term problems (kanban and fleet sizing) along with the short-term problems (fleet loading) are combined, providing optimal settings for the supermarket and management attributes.
A limited number of papers have been published regarding the relation between the efficiency and the detailed configuration of in-plant materials supply systems. A case study of a milk-run in-plant logistics implementation can be found in Domingo et al. [8] . The authors reported that thanks to implementation of the milk-run, intermediate warehouse stock was reduced by almost 50 %. Another in-plant milk-run case study can be found in Chee et al. [6] . Here, discrete-event simulation (Witness 2008 software) was used to compare the performance of two internal logistics systems: push and milk-run with kanban. Milk-run with kanban outperformed the push system. Throughput rate was higher, average waiting times and flow t i m e s w e r e l o w e r. I n tw o p a p e r s , B o ze r a n d Ciemnoczlowski [5, 7] , analyzed the distribution of container locations and number of containers on the production system performance and probability of starvation. They found that increased vehicle capacity reduced the starvation probability to zero. Hanson and Finnsgård [12] , with a case study about replacing both the forklifts with milk-run tow trains, and the pallets with plastic containers, reduced the work force at the assembly lines and inventory sizes beside the workstations. They also showed that more frequent deliveries do not cause milk-run operator utilization rates to grow in proportion. The optimization problem of a supermarket location (as a decentralized inventory) with tow trains used to feed workstation was analyzed by Alnahhal and Noche [2] . A genetic algorithm was developed to find an allocation with a minimal total transport and holding cost. Many studies on milk-run supply systems consider the work as a scheduling, capacity or vehicle routing problem. Sadjadi et al. [23] developed a mixed integer mathematical model with a genetic algorithm for finding the optimal solution to all three problems mentioned above. Emde and Boysen [10] introduced a precise solution procedure based on nested dynamic programming of joint tow train routing and scheduling, together with a trade-off study between the number and capacity of the tow trains and the in-process inventory near the line. Satoglu and Sahin [24] developed a nonlinear mathematical model and heuristic approach entitled the Feasible Route Construction Algorithm where the routes are constructed and the service period is determined for the design of an internal milk-run material supply system. Kilic and Durmusoglu [16] praised the heuristic approaches for finding the optimum solution for in-plant logistics problems. Meta-heuristic algorithms such as the genetic algorithm, ant-colony optimization algorithm and simulated annealing algorithm can be applied.
None of these studies examined the milk-run operator, its behaviour in a production system, especially any delay in tour commencement and its impact on system efficiency. In this paper, with the use of a discrete-event simulation technique, we examine the efficiency, interactions and impact of a milkrun operator on a typical assembly line. The novelty in this article lies in the comprehensive analysis of disturbances occurring in the production environment (time variability of technological operations and supply cycle, delays of supply cycles) and management decisions (takt presence, buffer capacity, supply cycle duration). We propose a simulation-based experimental design to explore how those six factors affect four performance measures: assembly line throughput, milk-run operator utilization, workstation starvation and work in process. None of the existing studies has described the milk-run operator and its characteristics as a factor affecting the manufacturing system. Unique results from this approach are the recommendations for designers of in-plant logistics drawn from this study.
Case study-assembly line
In order to perform an efficiency analysis of an in-plant milkrun operator, we developed a case study of a typical assembly line. This assembly line is a close representation of a real-life line with only some simplifications of those manufacturing processes that were specific and would distort the results. We assume that a milk-run has already been established with a proper route and time design. In this case, one milk-run operator serves one assembly line. The operator has enough time to serve other lines but this is out of the scope of this study, as external actions could only cause delays to events relevant to the analyzed performance of the assembly line. Those external disturbances will be considered as independent parameters of the experimental design.
The assembly line consists of 10 workstations organized as a U-shaped one-piece flow production cell (see Fig. 2 ). The manufacturing process is organized in accordance to lean management principles. Operators at the assembly line are responsible only for performing technological operations. All raw materials are transported to the line and stored in containers. Containers are arranged in a proper order in front of each operator. The three bins system is implemented. Semifinished parts are conveyed between workstations automatically. The transfer time is 10 s. Buffers between consecutive workstations have a finite capacity and a first-in-first-out queuing discipline. The speed of the milk-run operator is constant. The milk-run operator can carry an unlimited number of empty and full containers. No breakdowns occur during the milk-run tours. To simplify analysis, the operation time at every workstation was set at the same value of 10 min. Preliminary experiments have shown that this did not affect response parameters, because the workstation with the longest operational time will be the bottleneck determining the performance of the modelled assembly line. In addition, we introduced breakdowns to the line. Mean time between failures was set at 10 days exponentially distributed, and mean time to repair was set at 2 h, also exponentially distributed.
The main focus in this article is the work of the milk-run operator. At the workstations, materials are stored in bins with a predefined capacity. The bin capacity was calculated on the basis of the quantity of pieces needed to complete the production plan within a specified period of time. This period of time has to be equal to cycle time of the milk-run operator tour. Each bin is labelled with information about stock keeping unit (SKU), storage position in the warehouse, consumption position (workstation ID) and capacity. A three-bin system is implemented. The first bin is the one from which the worker takes the parts for performing the technological operations. When that bin is empty, the worker puts it on a shelf with the other empty bins, and there it waits for the milk-run operator, which works as a kanban signal [18] . Then, the worker starts to take parts from the second bin. The third bin is en route to or from the warehouse where it is filled with a new set of parts. The milk-run operator start the tour itinerary at the warehouse by filling all empty bins collected during the previous tour. Then, the operator delivers the full bins to each workstation according to a predefined itinerary, while collecting the empty bins at each workstation. After visiting the last workstation, the operator returns to the warehouse, finishing the tour. This delivery system was designed with use of the framework proposed by Harris et al. [13] .
The simulation model was built in Rockwell Automation Arena software. The simulation length was 60 working shifts of 8 h. The warm-up period after preliminary experiments was set to three working shifts of 8 h. All replications were computed with a different random number three times. Statistical analyses were performed in R.
Problem description and experimental design
Our objective is to investigate the influence of the behaviour of the milk-run operator on the performance parameters of the production line. The ideal situation of everything going smoothly day-by-day does not frequently happen in many manufacturing environments. In this study, we have introduce several turbulences combined with system design decisions in order to analyze the effects using six-way ANOVA. The question to be answered is whether they have any significant impact on performance measures like production capacity, work in progress, workstation starvation and milk-run operator utilization? Three manufacturing system design decisions that we took into account are presence or absence of takt time, buffer capacity between workstations and milk-run operator cycle time. Another three decision parameters we treated as disturbances occurring at the assembly line are time variability of technological operations, time variability of the supply cycle and delays in supply cycle start. Below, we explain in detail all six decision parameters.
1)
Takt time (TT) is used to synchronize the pace of production with the pace of sales [21] . If the cycle time (actual time to complete the tasks in a single job at a single workstation) is greater than takt time, the operation will be a bottleneck and additional time will be necessary to meet the production schedule. If the cycle time is less than takt time, there will be overproduction or waiting time, where the worker waits for the next takt time signal when he is ahead of schedule.
where TT is takt time, T a is the net time available to work per period, and D is the customer demand per period. Takt time in the simulation model could be set active or 3) Milk-run cycle duration (CD) determines how often the operator should begin the tour. In our case, the parameter is set to either 4 or 8 h. Cycle duration determines the number of parts in each bin of the three-bin system. The longer the cycle time, the more parts in the bins and the milk-run operator spends more time in the warehouse filling the bins. 4) Managers are striving to minimize time variations in technological operations and the majority of studies cited in the literature review assume that this time is constant. Here, we investigate what happens when a time variation is present. We assume that the time to complete a task at a workstation is normally distributed N (μ, σ) with a mean μ=10 min. and a standard deviation expressed as the coefficient of variation σ=μ×CV. The examined levels of the coefficient of variation are 0.05, 0.15 and 0.30.
5) The delay of supply cycle start time (DS) represents all
unforeseeable events occurring during the milk-run tour, which as a result affects the start time of the next cycle (tour). These events are for example longer times spent at the warehouse, various obstacles during the tour, breakdowns. We examined this factor in conjunction with the milk-run cycle duration (CD) as its proportion. A delay factor of 0.5 means that the next milk-run cycle will be postponed by a half of the time of the whole cycle. We investigated cases with supply cycle start time delays of 0, 0.2, 0.5 and 1 of the milk-run cycle duration. 6) Delay probability expresses how often a delay in the supply cycle start time happens. This factor was examined at levels of 0, 0.1, 0.3 and 0.5
Summary information on the independent variables is presented in Table 1 . There are two variables with two levels, two variables with three levels and two variables with four levels. The full mixed factorial experimental plan 2 2 3 2 4 2 was designed with 360 scenarios to study. All combinations of control parameter levels were investigated. Combinations with either DS or delay probability (DP) equal to 0 were not investigated. Only experiments with both DP and DS equal to 0, or both levels not equal to 0, were simulated. For each scenario, three independent replications were simulated. The results from 1080 simulation runs were used in a multi-factor ANOVA.
The simulation experimental result was analyzed in four perspectives: assembly line throughput rate (OUT), milk-run operator utilization rate (U), workstation starvation (WS) and work in process (WIP) level. The simulation experimental results are analyzed using a six-way analysis of variance to examine the main effects and interactions of the factors.
Experimental results and discussion
The experimental results are presented in Tables 2 to 5 , separated into the four dependent variables. Six-way ANOVA analysis was conducted at a 95 % confidence level. Only significant (P<0.05) factors and interactions are shown in the tables. The factor with the highest F value and lowest P value is considered as the factor most affecting the dependent variable. All statistical analyses were done in the R environment. 
Throughput rate
The first analysis is the assembly line throughput rate (OUT). Table 2 presents the main effects together with two-way and three-way interactions. The maximum theoretical throughput rate of the assembly line is 6 products per hour, 48 per day and 2880 products over the simulation run horizon of 60 shifts.
The maximum observed throughput rate over all the experiments was 2816 and the minimum was 2071. ANOVA reveals that takt time and milk-run cycle duration do not influence the throughput rate.
The most affecting factor is the delay of supply cycle start time (F=581; P<2.2e-16). The median output for DS=0 is 2655, and drops to 2397 for DS=1. Figure 3 shows that a big delay in milk-run operator cycle start decreases the throughput by approximately 10 %. Another parameter that has a big impact is delay probability (F=446; P<2.2e-16). Frequent delays will reduce the throughput rate up to 15 %. It is quite obvious that interaction of these two parameters DS:DP is also significant (F=66; P<2.2e-16). The explanation is straightforward as the first parameter defines how big the part delivery delay is, and the second defines how often this happens. A breakdown of the delay of supply cycle start time together with the delay probability is presented on Fig. 4 . Here, OUT values that are beyond the whiskers are due to a high CV. It can be noticed that the milk-run material delivery method is quite reliable, and even significant operator delays will not lower the throughput rate dramatically.
The third most important factor is the coefficient of variation (F=371; P<2.2e-16). Figure 5 shows the impact of this factor on the throughput rate. A higher variance in processing times causes the system to be less stable and less capable of producing smaller amount of goods. However, even the highest CV=0.3 reduces production by just 6 %. Buffer capacity (F=319; P<2.2e-16) is also statistically important but a small buffer only reduces median production by just 6 %.
Work in process
Work in progress (WIP) is calculated as the sum of all semifinished products excluding parts (materials) stored in bins at every workstation. Table 3 presents the results of a six-way ANOVA of the main effects and up to four-way interactions. Here again, takt time and cycle duration are not statistically important. Only buffer capacity has an impact on work in progress with a more than two orders of magnitude higher value of F=4664 and P<2.2e-16. This is typical for any assembly line, not only for those with a milk-run delivery. Median WIP values (Fig. 6 ) grow from about 14 for a small buffer to over 30 for a buffer with a capacity of 5 products.
The rest of the parameters, although statistically significant, influence work in progress minimally. For example, analyzing the coefficient of variation F=24 with P=9.168e-11 reveals that increasing CV (see Figs. 7 ) from 0.05 to 0.3, the WIP median increases from 21.5 to 23, which is just 6 %.
Workstation starvation
Workstation starvation (WS) occurs when a worker has to stop work due to a lack of materials in the bins. This parameter is calculated as the ratio of time when the necessary parts were unavailable on the workstations to the total available working time
where i is the workstation number, t u is the time when parts were unavailable on the i-th workstation and t a is the available working time. Fig. 9 Milk-run operator utilization rate (U) vs. milk-run cycle duration (CD) Fig. 10 Milk-run utilization rate (U) vs. delay of supply cycle start time (DS) and delay probability (DP) Table 4 presents the main factors and up to five-way interactions. All factors, except takt time, have an impact on workstation starvation with a probability P<2.2e-16. Workstation starvation is the factor which is affected by the greatest number of factors and interactions. Again, the delay of milk-run operator cycle start and delay probability have the highest impact with, respectively, F=1324 and F=998. Their two-way interaction is also significant at F=149.
Increases in the delay of milk-run operator cycle start (DS) and delay probability (DT) result in greater workstation starvation (see Fig. 8 ). A milk-run tour delayed for 0.2 of its length will increase workstation starvation by about 0.02. This small change in starvation can imply significant changes in throughput rate in the occurrence of unfavourable circumstances like a low buffer capacity and a high coefficient of variation. If BC=1 then when one workstation stops due to a parts shortage, almost immediately all others workstations stop too. A high buffer capacity could only sustain production for a limited time. The median of workstation starvation is about 0.06 when the delay of supply cycle start time and delay probability are at their highest levels. This causes the median of OUT to drop by approx 15 %. This shows that even frequent and long delays do not dramatically increase workstation starvation and as a consequence do not significantly reduce throughput rate. However, all planned milk-run tours must be completed, no matter how long the delay is.
Milk-run operator utilization rate (U)
The milk-run operator can be assigned to one long route or several shorter routes. In our case, we assume that our assembly line is just one of the lines served by the operator. Here, we analyze how much of the working shift time the operator spends supplying the assembly line. As it was stated in section 3, we are not interested in what the milk-run operator does during the rest of the time, thus the utilization rate (U) is rather small as it is calculated in relation to the duration of the entire shift. It is obvious that one tour per shift takes less than two tours. This can be seen from the ANOVA results where cycle duration (CD) is the most significant factor with F=160810 and P<2.2e-16 (see Table 5 and Fig. 9 ). It is quite interesting how other parameters affect the time needed for serving (directly translating into utilization rate) the assembly line by the milk-run operator.
Almost all factors except takt time are statistically important for the utilization rate; the same is for many two-way interactions. F values are quite high and P values are small. Let us have a closer look at two factors that were already studied in detail in the previous sections and are closely related to the performance of the milk-run operator, i.e. delay of supply cycle start time (DS) and delay probability (DP). For both factors, changes of their levels translate into changes in the operator utilization rate. But when we analyze Figure 10 , it can be seen that the change is in reality quite insignificant as the median values are between 0.12 and 0.13. This is a minor change for the process planners.
Discussion and conclusions
Let us summarize the results from the previous section and try to develop recommendations for managers and industrial engineers who are responsible for seamless production. In this study, with the use of a discrete-event simulation technique, we explored the interaction of the milk-run operator with an assembly line organized in accordance with good lean management practice. The supply of materials was carried out using a three-bin method. The parameters of the assembly line simulation model were selected carefully, mainly with a view to highlighting the impact of the operator actions and not the line as such. For this reason, the durations of the technological operations on all workstations were the same. This is quite unrealistic, but if we assume that these times varied and as a result some workers had some idle time, the results of the study would be blurred. For example, some buffers would build up without a connection to the milk-run operator actions. The research question was if and how much disturbances occurring in the production environment (time variability of technological operations and supply cycle, delays of supply cycles) and management decisions (takt presence, buffer capacity, supply cycle duration) affect operations at a typical assembly line. Results of the simulation study are presented in Table 6 . Results are presented for four analyzed performance measures versus six control parameters.
First, let us have a closer look at management decisions. In our case of a well-balanced assembly line, the presence or absence of takt time (TT) did not affect the line. It is straightforward that increasing buffer capacity leads to greater work in progress. But when looking at it from the other side, a milkrun with three bins allows for a reasonably safe limiting of the size of buffers. We have examined configurations with a very small buffer capacity of 1, with and without takt time synchronization, where one could expect that milk-run operator problems would be directly transferred to the production line. No such situation happens. This is because the milk-run delivery system stabilizes the quantity of materials in circulation and there is an assurance that there are almost always parts in one of the three bins available for the worker. Decisions about the frequency of milk runner visits can be considered taking into account just workstation starvation probability, as it neither affected throughput rate nor work in progress. Lengthening the cycle duration leads to lower milk runner utilization, giving him more time to handle materials to other production areas but at the cost of higher line-side inventory levels.
Secondly, let us analyze how big an influence on the assembly line disturbances have. One important managerial problem is variation in the technological operation time duration. It is not surprising then that as the coefficient of variation increases, the performance of the line diminishes. Milk-run with three bins reduces the impact of variations. At the same time, workstation starvation drops by one third because the line production rate falls, i.e. demand for material is lower, and material supply is unaffected. Even more interesting results are obtained in investigating what happens when the milk runner cycle is delayed because of external problems. Even a severe situation, when the start time is delayed by one full delivery cycle, and with it happening on average every second cycle, does not bother the line as much as one would expect.
The most important outcome of the research is that the milk-run system is a very stable supply of parts to the production line. The experimental design we created included quite severe disturbances. The analysis conducted showed that the milk-run system was able to recover very quickly from even big problems like long and frequent delays in parts delivery. In extreme cases, the throughput rate dropped at most 15 %. In many cases, smaller disturbances had almost no effect on the performance of the assembly line.
Another conclusion that could be drawn from this study is that the workload of a milk-run operator could be very high. Analysis shows that there is no need to leave any kind of safety time, as any unforeseen disturbances causing delays will be compensated rapidly.
Open Access This article is distributed under the terms of the Creative Comm ons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
